The mechanism of acidification by the urinary bladder of the water turtle was studied in an in vitro system which permitted control and measurement of electrical and concentration driving forces. The rate of hydrogen ion secretion was measured by means of a pH stat technique in the absence of exogenous carbon dioxide and bicarbonate.
Introduction
a limiting factor in our understanding of hydroThe urinary bladder of the fresh water turtle gen ion transport in the renal tubules, the isolated ..~~~~turtle bladder was selected for a study of the celshares with the kidney the ability to conserve so-.llar deh as oflurine acidificaton in anli dium(2,3) nd t acdif th urn a4.Sic lular mechanisms of urine acidification in an in toacidifythe vitro system which would permit control and meathe functional complexity of the kidney has been surement of electrical and concentration driving * Received for publication 8 February 1967 On the basis of the observed characteristics of the secretion of acid and alkali on the two sides of the membrane and the acid-base changes occurring with inhibition of production of metabolic CO2, it is suggested that the active transport mechanism for hydrogen ion is located near Maximal H+ gradients. The maximal H+ gradient that could be generated by the turtle bladder in the presence and absence of the spontaneous PD is presented in Table II for 10 experiments in which identical Ringer's solutions with an initial pH of 7.1 + 0.1 were employed on both sides of the bladder. The initial pH was somewhat lower than that in the pH stat experiments, since the solutions for the gradient experiments were buffered with 0.1 mm Na2HPO4 instead of the usual 0.3 mm Na2HPO4. In three of the five experiments carried out in the presence of the spontaneous PD, the pH gradient generated by the bladder reached maximal values over 3 pH units, the highest value being 3.33 pH units. The last Except for the experiments of Table III , all H+ secretion rates were measured directly by the pH stat technique on the mucosal side. In order to examine the possibility that pH changes resulted from transport of buffer anion or leakage of a buffer from the epithelial cell layer, we made comparisons of the buffer capacity of fresh Ringer's solution and Ringer's solution removed from the mucosal side of the bladder at the end of pH stat experiments that lasted from 3 to 6 hr. In 11 such comparisons in which the solutions were titrated from pH 7.4 to 4.4 there were no systematic differences in buffer capacity; in six of these comparisons in which the titrations were extended to pH 2.5 there was a mean increase in buffer capacity of 12 + 6%o (SEM). These increases were small since the total buffer content of the initial mucosal fluid consisted of only 3 umoles Na2HPO4, whereas the values for total H+ transport were often greater than 6 umoles. These results indicate that there was no significant transport of HPO0', the buffer anion of our solutions, and that the small quantities of buffer with low pK added to the mucosal fluid made an insignificant contribution to acid secretion.
Dependence of H+ secretion on the enzymatic hydration of metabolic CO2 and on oxidative metabolism. Since the rate of bubbling could be shown to influence the pH of the bathing solutions in the presence of HCO3-or CO2, a nonvolatile buffer system was employed in all pH stat experiments. The Ringer's solutions were free from HCO,-and the air was passed through a CO2 trap. Although the observed H+ secretion did not In all eight experiments in which the serosal pH was monitored, deoxygenation with N2 resulted in an increase in the pH of the serosal solution of from 0.15 to 0.25 pH units. This increase occurred gradually over a period of 20 min after the change from air to N2 and was reversible over a similar period of time if air was reinstituted. Since N2 and air were bubbled through the same alkali trap and the Ringer's solutions had the same /Lmoles /hr . wI AIR | pH when bubbled with either gas, the transient alkalinization of the serosal compartment was attributed to an efflux of alkali from the cell after the inhibition of metabolic CO2 formation. The pH of the mucosal solution remained at the pH stat level. In Fig. 3 (lower frame) a diagram is given of the H+ and alkali shifts that occur in the serosal compartment in a typical experiment. The changes indicated in the upper frame were obtained in a different experiment carried out on the mucosal side of the bladder. In this experiment the inhibitory effect of N2 on He secretion into mucosal fluid was representative of the results presented in Table V . Since NaCN and acetazolamide are alkaline and require titration with HC1 at the time of administration, it is hazardous to assign pH changes caused by these substances to a resulting inhibition of the production or the hydration of CO2.
Discussion
These results confirm the observation by Schilb and Brodsky (4) COMPARTMENT. In the experiment in which the serosal acid-base changes were measured, the titrant was changed from 0.01 N HCl to 0.01 N NaOH at the beginning of reoxygenation to cover the period of acidification. The rates of H+ secretion into the mucosal compartment were obtained from a separate experiment, the results of which closely resembled the mean results presented for 10 N2 experiments in Table V . 4. of the water turtle is capable of acidifying the mucosal medium. Under our experimental conditions, however, the mechanism of acidification appears to differ from that proposed by these investigators. Schilb and Brodsky (4) suggest, on the basis of studies in a bladder sac preparation, that acidification of the mucosal fluid occurs by a mechanism of transcellular transport of HC03-in the ionic form from the mucosal to the serosal side of the epithelium. In their experiments the free CO2 concentration was observed to be lower in the mucosal solution within the sac than in the serosal solution. The presence of this gradient for CO2 was interpreted as indicating that acidification of the mucosal fluid had occurred by removal of HCO3-rather than by the addition of H+, and, furthermore, that CO2 was not freely diffusible across the bladder wall.
In our studies acidification did not depend on the presence of HCO,-in the bulk solutions or on the transport of HPO4= across the bladder. The simplest explanation for our results would be that H+ ions generated by the epithelium are added to the mucosal solution and that the OH-ions dissociated within the epithelial cells appear in the serosal solution in the form of some basic anion. Although the system was free of exogenous CO2 and HCO-, metabolic CO2 was being produced in all aerobic experiments. It is likely, therefore, that at least part of the alkali appearing in the serosal solution was HC03-that was formed within the epithelial cells. Alternatively, it is possible that some metabolic CO2 that diffused into the mucosal solution was hydroxylated to HC03-in the unstirred fluid layer at the mucosal membrane and that HCO8-so formed was transported transcellularly in the manner suggested by Schilb and Brodsky (4). However, the rapidity with which CO2 is removed from the bulk solutions by the bubbling system and the fact that the bladder was mounted as a thin membrane (with a degree of stretch comparable to that of a maximally distended bladder in vivo) make it unlikely that sufficient HCO,-would be available in such a boundary layer to account for the observed acidification. For the present, the over-all process of acidification will be referred to as H+ secretion. When we discuss the individual steps of the process at the two surfaces of the epithelial cell layer we will return to the role of HCO3-transport.
Since H4 secretion takes place in the absence of concentration or electrical potential gradients across the bladder epithelium, it fulfills the accepted criteria for an active transport mechanism.
Hence, it must be coupled either directly to metabolic energy production or to the active transport of another ion such as Na+ or Cl-, a possibility examined in the following article (9) .
The rate of H+ secretion, as measured by the pH stat method, was little influenced by nullification of th spontaneous electrical PD across the bladder. Although the "normal" negativity of the mucosal solution provides an electrical driving force for the movement of H4 into the mucosal solution, the mean secretion rate in the short-circuited state was so close to that in the spontaneously active state that comparisons had to be made in the same bladders before a significant contribution of the electrical-driving force to the rate of secretion could be demonstrated. The minor role played by electrical forces across the epithelium was also evident in the observations on the maximal H+ gradient that could be generated by the isolated bladder. The gradients reached in the short-circuited state were almost as great as in the presence of the spontaneous electrical PD, the largest gradients observed being 3.02 and 3.33 pH units, respectively.
What is the role of metabolic production of CO2 and lactic acid in the mechanism of H4 secretion? The observed dependence of acidification on the production and enzymatic hydration of CO2 within the cells appears to indicate that the base generated in association with H4 secretion exists mainly in the form of HCO,-. A smaller fraction may exist in the form of lactate. Klahr and Bricker (10) reported that lactate formed by the turtle bladder appears asymmetrically in the bathing solutions, the amounts appearing in the serosal solution being about five times as great as those in the mucosal solution. Similar observations have been made in the frog stomach, which has a mechanism for H+ secretion, and in the toad bladder, which has no such mechanism (11, 12) . The mean total rate of lactate formation in the turtle bladder preparation of Klahr and Bricker was 0.16 umole/hr per 7 cm2 of bladder, a value considerably smaller than our rate of H+ secretion of about 1 ,umole/hr per 8 cm2 of bladder. In fact, the difference observed in our studies be-tween the rates of secretion of H+ and alkali on the two sides of the epithelium has about the magnitude of the rate of lactate formation indicated above. Furthermore, it is of interest that anaerobiosis, which is known to increase lactate formation (10), reduces H+ secretion.
Since urine acidification is not directly dependent on the active transport of Na+ or Cl-(1, 9), there must be an active transport mechanism for either H+ or alkali. Since a pump for one generates the other, these alternatives are best examined in relation to the location of the transport mechanism in the epithelium. If made from studies of other epithelia. In the short-circuited state the cell interior of frog skin and toad bladder is slightly negative to the outside of the cell (13) (14) (15) . Estimation of the intracellular pH by the dimethyl-oxazolidinedione (DMO) method in the isolated renal tubule of the dog (16) and in the epithelium of the toad bladder (17) On the other hand, Schilb and Brodsky (4) reported that acidification continued in their preparation in the presence of acetazolamide. A possible explanation for this difference is provided by the fact that their preparation was maintained in an environment of 5% CO2, the high concentration of which made relatively less important the role of enzymatic hydroxylation.
Although reduced or absent CO2 production may explain the inhibition of H+ secretion after exposure to NaCN or N2, it is possible that these measures, in addition, interfere with the supply of energy to the transport mechanism. Attempts to examine this possibility by making exogenous CO2 available in the presence of N2 were complicated by the need to employ a volatile buffer system that made the pH stat results poorly reproducible at low secretion rates. The persistence of low rates of H+ secretion after exposure to NaCN and in some experiments after exposure to N2 suggests that acid production from anaerobic metabolism may play a role in H+ secretion. The rate of H+ secretion, however, was somewhat greater and more predictable in the NaCN experiments than in the N2 experiments. The possibility is, therefore, raised that a "NaCNinsensitive" oxidative pathway of glycolytic metabolism contributes to H+ secretion either by CO2 production or by providing energy to the H+ pump. These questions remain open and the precise mechanism of coupling between the transport of Ho and the metabolic production of energy remains to be clarified.
